Abstract: We have previously reported the kinetic properties of maize starch synthase I (SSI), SSIIa and SSIIb using glycogen and amylopectin as primer and have determined that these SS enzymes can be distin guished based on their kinetic properties.1,2) However, it is not clear how starch synthesis is initiated and what the native primer for SS in vivo is. Therefore, in this study, we determined whether maize SS can catalyze the de novo synthesis of ƒ¿-glucan and studied how maize SS utilizes potential native primers such as malto oligosaccharides (MOS) and developing native starch granules. Using purified recombinant maize SSI, we provide evidence that maize SSI cannot catalyze the de novo synthesis of ƒ¿-glucan and the "unprimed activ ity" may be due to the presence of primers in ADPG. However, maize SSI, SSIIa and SSIIb, can use maltose as a primer, although much less efficiently than MOS with a DP of 3 or greater. All MOSs tested can be elon gated by SSI, SSIIa and SSIIb with more than one glucose residues. For the first time we describe here that purified maize SS can further elongate the chains of native starch granule isolated from developing maize waxy endosperm (18 days after pollination). Compared with their kinetic properties in the presence of soluble amylopectin and glycogen, differences in the Vmax and optimum temperature of these three enzymes were ob served in the presence of native starch granules. The differences between SSI, SSIIa and SSIIb in their primer preferences using MOS and native starch granule may provide some clues as to the functions of different SS in starch synthesis.
S S (EC 2.4.1.11) catalyzes the synthesis of ƒ¿-1,4 glu can, therefore, it plays an important role in starch synthe sis. At least five genes coding for SS have been isolated from maize endosperm. They are SSI, SSIIa, SSIIb, Dull1 and GBSS.3-6) Although it is known that GBSS is respon sible for amylose formation, the catalytic mechanism of amylose synthesis in plants is controversial. In Chlamydo monas reinhardii, it was shown that amylose could be synthesized by extension of amylopectin chain and subse quent cleavage of elongated chains,7) while in pea, it has been shown that elongation of MOS resulted in amylose synthesis.8) However, in all of these described cases, each of these enzymes requires a primer, amylopectin, amylose, or glycogen. It is not clear whether SS can catalyze de novo synthesis of ƒ¿-1,4 glucan. It is not known how starch synthesis is initiated. One of the distinct properties of maize SSI is that it can utilize ADPG to form ƒ¿-glucan without added primers,9,10) suggesting a possible mecha nism for the initiation of starch biosynthesis. However, the enzyme preparations were not homogeneous and were found to contain some ƒ¿-glucans. Consequently, it has been argued that the unprimed activity of SSI was due to the presence of endogenous primer.11) We have overcome this problem by expressing maize SSI in E. coli and puri fying it to apparent homogeneity.1) Using the purified pro tein, we have previously shown that these SS isoforms can be distinguished based on their kinetic properties.1,2) In those studies we suggested that SSI and SSIIb prefer elon gating the shorter chains of glycogen as a primer while SSIIa prefers elongating the longer chains of amylopectin. However, glycogen and amylopectin are not likely to be the native primers in vivo. Thus far there has been no work reported on the potential native primer for SS. It has been suggested that the glucan chains of starch grow from inside the granule toward the outside surface of the gran ule. However, there is no direct evidence to show that sol uble SS can transfer glucose to the surface of the starch granules. Therefore, in this study we describe the catalytic properties of SSI, SSIIa and SSIIb with MOS and native starch granules, primers more likely to occur in vivo.
MATERIALS AND METHODS
Materials. ADP-[U-14C] 4-glucose was synthesized using [U-14C] -glucose-l-phosphate (Amersham or ICN) and ADPG pyrophosphorylase essentially as described.12)ƒ¿-Amyloglucosidase was obtained from Boeringher Mannheim. Cold ADPG, corn amylopectin, and rabbit liver glycogen were all from Sigma. All other supplies and chemicals were of the highest grade available from Sigma, or as indicated.
Preparation of starch granule from waxy maize. Waxy starch granule was isolated from maize line BD68 wx49 at 18 days after pollination grown in Slater, Iowa in the summer of 1999. Waxy maize was used to eliminate the interfering activity from GBSS. Kernels were homoge nized with a Fisher PowerGen 700 Homogenizer in 50 mM Tris-acetate, pH 8.0, 10 mM EDTA, and 5 mM DTT. The homogenate was then filtered through 4 layers of cheesecloth. The residue left on top was resuspended in the ssame buffer, homogenized again, and refiltered through new cheesecloth. The filtered liquid was screened through a 60 p m nylon membrane (Millipore) into a cooled 1 L flask and the granules were allowed to settle overnight at 4•Ž. The upper aqueous layer was discarded and the white granules were resuspended in buffer and al lowed to settle at 4•Ž for at least 2 h. This resuspension/ settling of the granules was repeated 4 times, until the aqueous layer was clear. The starch granules were resus pended in pre-cooled acetone and allowed to settle at -20•Ž for 30 min . The upper layer was discarded and the resuspension/settling in acetone was repeated twice more. The resulting starch was dried over silica gel at room temperature overnight and then stored at -20•Ž for up to two months.
Purification of SS enzymes. The expression and purifi cation of maize 551, SSIIa and SSIIb enzymes was per formed as previously described."2' Plasmid pExSlOa ex presses the full length maize SSI enzyme (SSI-1), while pExS 1 d expresses the N-terminally truncated form of SSI (SSI-3).'' These two forms of the enzyme have been shown to be catalytically similar. However, the Nterminally truncated form, SSI-3, is expressed in E. coli at significantly higher levels and therefore the yield during enzyme purification is greater and larger quantities of pure protein can be obtained. It is for this reason that SSI-3, the truncated form of maize SSI, was used for most of the studies reported in this paper.
SS assays. SS reactions contained 100 mM Bicine, pH 8.5, 5 mM EDTA, 25 mM potassium acetate, 10 mM re duced glutathione, and either no primer (unprimed) or 10 mM malto-oligosaccharide. Reactions were initiated with the addition of [u-14C]-ADPG (500-15,000 dpm/nmol) for a final concentration of 2 mM ADPG. After reaction, the samples were heated at 100•Ž for 1 min to denature the enzyme. Anion exchange spin columns (Dowex 1X8-200) were used to separate unreacted [u-14]-ADPG from radiolabel incorporated into MOS as described in Hawker et al 3) For SS reactions containing waxy starch granule, 20 mg/mL resuspended starch granule was used in a total reaction volume of 0.1 mL. After 10 min at 37•Ž, the reaction was terminated by adding 1 mL 75% methanol/1% KCI. The starch granules were allowed to precipitate on ice 5 min and then they were microfuged at 12,000 rpm for 5 min. The pellet was washed with 0.3 mL ddH2O with vortexing and again precipitated as before. The resulting pellet was dissolved in 0.15 mL 1 N NaOH, after which 0.3 mL ddH2O was added to the tube. ing enzyme and others plays an important role in synthe sizing the complex structure of the starch. One of the evi dence for this is the result we obtained in E. coli mutant lacking debranching activity and glycogen branching en zyme. Maize SSIIa and maize branching enzyme I were co-expressed with or without the expression of maize Sugary-1 gene (isoamylase).19) The products synthesized were isolated, analyzed and compared to maize amylopec tin and glycogen (Table 3 ). The combination of SSIIa and branching enzyme I produced glucan with higher chain length (CL 17) than glycogen with CL of 10, suggesting the difference in catalytic specificity of maize SSIIa, BEI Maize SSIla and maize branching enzyme I were co-expressed with E. coli ADPG pyrophosphorylase with or without expression of maize Sugary-1 gene18) (isoamylase) in E. coli mutant lacking glycogen branching enzyme and glycogen synthase. The polysac charide produced was isolated and analyzed as previously de scribed."' and bacterial GS and glycogen branching enzyme. The most interesting finding is that when Sugary-1 gene (isoamlyse) was co-expressed with SSIIa and breanching enzyme I, it increased the CL to 25 and showed clear modification of the glucan structure and made it more like maize amylopectin. This clearly shows that debranching enzyme is directly involved in amylopectin biosynthesis in concerted actions of SS and branching enzyme.
Determination of maize SS activities toward waxy starch granule. Since solubilized amylopectin and glycogen are not likely to be the natural primers for SS in vivo, we chose native starch granules as a primer and determined the properties of SSI, SSIIa and SSIIb in the presence of this more realistic primer. We have observed that [u-4c1 -ADPG was incorporated into the starch granule in a linear fashion with increasing the amount of waxy starch granule in the activity assays of SSI, SSIIa and SSIIb (data not shown). Since SSI protein was present in the waxy starch granule (data not shown), increasing the concentration of starch granule up to 50 mg/mL in the assay raised the background in control assays to more than 10% of the pended and it is hard to imagine the added purified SS diffusing into the compact granule at a significant rate.
Therefore, the purified SS added in the assays most likely were elongating chains at the granule surface. This is the first study of its kind to describe one distinct type of chain elongation of the granule, a native primer of SS.
Therefore, this study, which has shown differences between SSI, SSIIa and SSIIb in their primer preferences using MOS and native starch granule, may reflect more on the catalytic properties and specificities of different SS in starch synthesis.
